Abstract-An evaluation of a beam reconfigurable base station transceiver for cellular applications is presented from both systems and antenna design perspective. The proposed technique uses an azimuth beam switching method, which incorporates PIN diodes to provide a fast switching reflecting ground plane for a three sector antenna. Numerical systems analysis has been carried out on a hexagonal homogeneous cellular network to evaluate how the reconfigurable antenna can be used to tradeoff the mean and cell edge capacity by reconfiguring the azimuth beamwidth. The systems analysis shows that a mean cell edge improvement from 15 to 18 Mbit/s is achievable and this improvement is consistent for cell sizes ranging from 500 to 1500 m. The proposed reconfigurable antenna has been designed, manufactured, and characterized, and the measured results are shown to be similar to simulations.
I. INTRODUCTION
E NHANCING cellular quality of service (QoS) beyond 4G is of global interest to both industry and academia where QoS may be quantified by a number of metrics including capacity, latency, energy efficiency, [1] , etc. In this paper we are specifically interested in balancing network capacity in terms of an average user distributed across a sector and users distributed towards the edge of a cell in order to increase the minimum capacity available to a user. One possible solution is to use dynamic or reconfigurable antennas, [2] , [3] that can adapt to user requirements or the distribution of users across a sector. Pattern reconfigurable antennas have been proposed as a possible solution capable of balancing network traffic, improving network capacity, increasing system gain and security, reducing noise, reducing traffic jamming and improving energy efficiency by altering or steering its radiation pattern, [4] - [6] . Reconfigurable antennas can provide the flexibility and freedom to the network by redirecting or widening/narrowing the beam and can shift the overloaded sector users to underutilized sectors. Also, through adjusting the beam width of the antenna, the coverage of the network has been shown to be improved [7] , [8] .
Reconfigurable antennas have been studied for many years for controlling the radiation pattern, resonant frequency and polarization. This can be achieved through changing the antenna characteristics, hence, altering the current flow on the antenna to achieve different performance, [9] . Proposed methods for achieving reconfigurability include mechanical movement, phase shifters, PIN/varactor diodes, MEMS, and active materials, [10] - [12] have been demonstrated on a range of antenna types such as dipoles, monopoles and patch antennas. Specific pattern reconfigurable antennas research has been carried out in areas such as changing the main lobe direction, changing the beam width or combining these two characteristics, [13] - [20] . Research has also been carried out combing antennas with metasurfaces including frequency selective surfaces, electromagnetic bandgap surfaces and artificial magnetic conductors to provide pattern reconfigurability, [21] - [27] .
However, the benefits of utilization of reconfigurable antennas are not completely clear from the system point of view. Recent research shown in [28] and [29] demonstrate the potential capabilities of pattern-reconfigurable antennas to achieve network flexibility and solve the challenges that modern cellular networks face. In [28] , a pattern-reconfigurable antenna consisting of a driven dipole and a 3-D parasitic enclosure comprising of small metallic pixels interconnected by PIN diode switches is proposed, which can achieve both the azimuthal beam steering and elevation tilts. A utility-based cell and mode selection scheme is then optimized for 3GPP 5G networks by using this pattern-reconfigurable antenna. It is seen that by using this pattern diversity, both the average coverage and throughput gains can be improved by 13% and 29% compared to omni-type antenna equipped small cells. In [29] , a planar reconfigurable beam steering antenna adapting its operation modes by using a driven patch antenna and pixelated metallic strips interconnected via PIN diodes above it is proposed. By jointly optimizing the reconfigurable antenna pattern modes and user spatial distribution in a 5G wireless system at access point antennas, the average system coverage and throughput can be improved by 29% and 16% concurrently against the system using legacy patch 0018-9545 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. antennas for a hotspot scenario. Both of the papers are focusing on jointly optimizing the pattern reconfigurable antenna operation modes with cell selection or user spatial distribution algorithms for average coverage and throughput gains. However, very little research has been conducted on evaluating reconfigurable antennas in a cellular mobile systems context to enhance cell edge performance. In this paper we investigate how, within a homogeneous cellular deployment, varying the antenna beamwidth trade-offs can be made between 1) increasing the available capacity for cell edge users and 2) maximizing the average user capacity. The influence of mechanical tilt, inter site distance, path loss model and vicinity of cell edge are described. A novel reconfigurable antenna is proposed, which is capable of achieving the required system performance and a prototype antenna is demonstrated through simulations and measurements at a frequency of 1.9 GHz for demonstration purposes, which is typical for cellular carrier frequencies.
II. RECONFIGURABLE NETWORK CONCEPT

A. Concept Assumptions
An illustration of how network users may be distributed within a hexagonal cell is given in Fig. 1 . The first scenario is that users would be uniformly distributed and as such the radiation pattern should maximize the average capacity across the cell (Fig. 1a) . Fig 1b shows a second scenario where users may be distributed towards the edges of the cell where significantly lower capacity is available than the average. Our motivation in this scenario is to instantaneously switch the azimuth beamwidth of the basestation antenna to a wider beamwidth, producing the situation shown in Fig. 2 . The users are located in the same physical location but are now further away from the edge of the new wide beamwidth cell where the capacity may be higher. Network providers could use this concept to offer maximum average capacity or improved edge capacity to cellular users or even to reconfigure the antenna according to a scheduling policy between cell centre and cell edge users. Fig. 3 shows an illustration of the proposed pattern reconfigurable antenna which consists of three radiating elements (dipoles in this case) spaced a distance, d p , away from the centre of the base station. Three metallic reflectors of length, L a , and height, H a , extend from the centre of the base station with an angle of 120
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• between each reflector where such a configuration is suitable for a three sector cellular deployment. To provide azimuth beamwidth reconfigurability the length of the reflectors can be varied. As the reflector length, L a , tends to zero each dipole will have an omni-directional pattern whereas for longer lengths of reflector the beamwidth will reduce to a minimum beamwidth limit. To assess the range of available beamwidths, initial antenna simulations were carried out using computer simulation software (CST) Microwave Studio, which is a 3D full wave simulator based on a finite integral technique. By changing the reflector length the azimuth beamwidth can be varied between approximately 50
• and 180
• where the relationship between the beamwidth and reflector length can be estimated using (1),
which was found by curve fitting to the full field simulation results, where λ is the transmission wavelength. In order to achieve an antenna gain that is commensurate with typical cellular network deployments, [30] , a 12-element vertical antenna array was modelled and the corresponding azimuth and elevation radiation patterns for 60
• and 110
• azimuth beamwidths are shown in Fig. 4 . The simulations were carried out at 1.9 GHz with dimensions as follows, d p = 39.5 mm, H a = 1000 mm and L a = 36.5 mm and 97 mm for 110
• and 60 • , respectively. shows the defined observation area for the analysis, which covers the central BTS site as well as the adjacent 6 BTS sites, which is used to calculate the system performance. The observation area is discretized, using a Cartesian coordinate system where each pixel is 10 m × 10 m. The aim of the system model is to calculate the signal-to-interference-plus-noise-ratio (SINR) for each pixel, which in turn provides the available capacity at each pixel. The SINR and capacity data are analyzed to provide cell edge and cell mean performance for the cell denoted 1 in Fig. 5 . The BTS antenna radiation patterns as shown in Fig. 4 are employed in the model where the antennas can be mechanically tilted in elevation between 0
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• to 15
• . One of the aims of this paper is to evaluate how system performance varies depending on the size of the cellular deployment, hence, the ISD is varied from 500 m to 1500 m, which would represent small to large macrocell deployments. Table I provides the input parameters used in the system model, which represent typical values [31] . We are interested in urban deployments and as such the WIN-NER II (Urban macro -NLOS: hexagonal layout) path loss model has been employed throughout, [30] . It has been assumed that as the ISD increases the BTS antenna height, H, also increases and is calculated using H = ISD/45.
A. SINR Calculation
The center BTS is located at the origin (0,0) of a Cartesian coordinate system. We assign (x n,m , y n,m ) to identify the position of the nth BTS site and mth sector, where the total number of cell sites, N, is 19 and sectors, M, is 3 giving 57 cells. Consider a point, r, in the observation area, which is denoted as position (x r , y r ). The received power, in dB, at point r from the nth BTS site and mth sector is given by, (2),
and the linear form is given by (3)
where P is the antenna transmitting power, L n,r is the path loss between the nth BTS and point r, and G r is the gain of the receive antenna and is assumed to be isotropic. G(θ n,m − θ t , φ n,m ) is the gain of the BTS antenna for a given elevation, θ n,m , and azimuth, φ n,m , angle between the BTS and point r where the mechanical tilt angle of the transmitting antenna is θ t . The gain is estimated, in dB, using (4), [32] ,
The path loss model used is the WINNER II Dense Urban Macro NLOS model which is expressed in (5) L n,r = 26 log 10 (f ) + 22.7 + 36.7 log 10 (d n,r ),
where f is the transmission frequency of the antenna (GHz), d n,r is the distance between the nth BTS and point r in meters. We assume the user equipment (UE) attaches to the closest cell BTS, i.e. least path loss, since shadow and multipath fading are not considered. Thus, the received power from the 1st cell at the 1st BTS is given by (6)
The received power from the remaining sectors is treated as interference, I r and is given by (7)
The SINR and Shannon capacity at r are therefore given by (8) and (9), respectively,
where B is the bandwidth of the signal, N r is the thermal noise power at the receiver given by N r = Bn 0 n U E , n 0 is the additive white Gaussian noise power spectral density and n U E is the noise figure of the receiver as defined in Table I .
B. Cell Edge Detection
A cell edge detection algorithm was developed to determine the physical location of the edge, which can then be used to calculate the capacity at the edge and also the cell average capacity. The central cell labelled as "1" in Fig. 5 was used to calculate the SINR gradient in the x and y directions, hence providing the local SINR minima. Example outputs of the edge detection algorithm for different antenna beamwidths are shown in Fig. 6 where the detected edge of the central cell has been superimposed onto the SINR distribution. Subsequently, the capacity of each pixel can be calculated using (9) and the cell edge and cell average capacity can are given as (10) and (11),
C r (10)
where N a is the number of pixels in the whole cell and N e is the number of pixels in the cell edge.
IV. NETWORK PERFORMANCE RESULTS
A. Optimum Cell Beamwidth and Mechanical Downtilt Angle
In this section, the optimum cell beamwidth and antenna downtilt angle, θ t , are investigated by comparing a range of antenna azimuth beamwidths. The cell average capacity for 
beamwidths of 60
• , 75
• , 90
• were simulated for a tilt angle range of 0
• for an ISD of 500 m. A comparison of the cell average capacity is given in Fig. 7a where it can be seen that the highest cell capacity occurs for a beamwidth of 60
• over a tilt angle range between 0 • and 10
• . The optimum tilt angle for all azimuth beamwidths is between 9
• and 10 • and beyond this the capacity reduces as less energy is transmitted towards the edge of the cell, corresponding to the antenna beam pattern null at 13
• , as observed in Fig. 4 . Beyond a tilt angle of 13
• the first sidelobe of the antenna radiation pattern provides more coverage to the cell-edge and hence the capacity increases. Using the previously developed cell-edge detection method, the cell-edge capacity for varying antenna beamwidth is presented in Fig. 7 b, and shows that the 60
• beamwidth seems to offer good performance when compared to wider antenna beamwidths.
If we consider a situation where an antenna pattern with a beamwidth of 60
• is adopted these results show that we will have satisfactory performance for both whole cell and cell edge users. However, consider the case where the distribution of users is such that they are close to the cell edge and as such the network scheduling needs to serve these users. In this scenario we propose reconfiguring the antenna beamwidth to a wider radiation pattern. Then those users located near the 60
• cell edge that remain in the same physical location experience a higher capacity. This scenario is evaluated in the following section.
B. Instantaneous Cell Edge Performance Assessment
To evaluate the effect of switching the antenna beamwidth to provide a higher capacity for the edge users we can consider Fig. 8 where simulated SINR are shown for varying antenna beamwidths. The assumption requires the edge users to be located near the superimposed white region in Fig. 8 , which is the 
cell-edge for the 60
• beamwidth case. The superimposed edge is then used to calculate the cell-edge capacity that users in this region might expect, using (11) . Fig. 9 shows the cell average and cell-edge capacity versus tilt angle, θ t , for a range of antenna beamwidths and ISD of 500 m. Fig. 9a illustrates the trade-off in cell average capacity with a maximum of 45 Mbit/s for a 60
• azimuth beamwidth which reduces to 32 Mbit/s for a 110
• beamwidth. In contrast, the results in Fig. 9b show that the edge user capacity can be increased by 2.5 Mbit/s and 3.5 Mbit/s for increasing tilt angle up to approximately 9 • , with deteriorating performance beyond this tilt angle. Therefore the reconfigurable antenna function would offer network providers a trade-off between cell average capacity and cell-edge capacity.
C. Impact of Different Path Loss Models
In order to evaluate the robustness of the proposed reconfigurable antenna approach against varying channel characteristics a range of alternative path loss models were investigated. For this particular study the 60
• beamwidth antenna solutions were chosen. Specifically, the path loss models chosen for comparison are Winner II, Cost-Hata, and Cost 231 noneline-of-site (NLOS). The cell average capacity and the cell edge capacity are shown in Fig. 10a and Fig. 10b , respectively. The results of this study show that although there are small differences between the capacity values for different path loss models (4 Mbit/s for the cell average capacity and up to 1 Mbit/s for the cell edge capacity) the differences between the 60
• capacity values are not affected by the path loss models for all tilt angles.
D. Impact of ISD
This section investigates the proposed reconfigurable antenna scheme to estimate capacity for small to large area network deployments, where the ISD is varied from 500 m to 1500 m. It should be noted that the BTS height, H, is a function of the ISD where H =
I S D
45 was used as a representative BTS antenna height and the simulated capacity is shown in Fig. 11 . It can be seen from these results that there is a small reduction of cell average capacity as the ISD increases (Fig. 11a) for down tilt angles of approximately 9
• and there is no significant change in performance for the cell edge capacity (Fig. 11b) .
V. PATTERN RECONFIGURABLE ANTENNA
In Sections III and IV network performance simulations were based on an idealised reconfigurable antenna where the lengths of reflectors could be altered to achieve a range of azimuth beamwidths. In this section we present a novel reconfigurable azimuth controlled antenna implementation using PIN diodes, which can be reconfigured using a DC voltage, obtaining an azimuth beamwidth that can be switched between approximately 60
• . The switching time of PIN diodes is several orders of magnitude less than typical modulation frames, such as 10 ms for the LTE radio frame and this makes spatial scheduling feasible. The system performance of the novel antenna and idealised case is then compared. The numerical antenna simulations were carried out using CST microwave studio. Fig. 12 shows a 12 element antenna concept and a single element for clarity. To model the whole antenna array electromagnetically, a single unit cell can be considered where periodic boundary conditions are applied to the upper and lower extremities of the unit cell. The periodic boundary conditions ensure that the effects of mutual coupling are considered without the high computational requirements of simulating a full array. Fig. 13a shows one half of the symmetric reconfigurable reflector used to vary the antenna's azimuthal beamwidth. The reflector is 106 mm wide and 79.5 mm high, where the height is approximately λ/2 at the chosen design frequency of 1.9 GHz and can be considered as a single unit of a periodically repeated vertical array. The reflector comprises a 1.6 mm thick FR4 substrate and consists of four horizontal conducting elements connected by thin (2 mm) vertical conducting strips, as illustrated in Fig. 13a where each conducting strip has a PIN diode at its center. The four horizontal elements are connected to a rectangular metallic reflector via 1nF capacitors which act as DC blocks to the bias current that is applied to the PIN diodes but act as low impedance to the RF currents. The reconfigurable reflector can be described for two modes of operation, the first being when the PIN diodes are forward biased 'ON'. When the diodes are forward biased they have a low impedance and the reflector can be approximated as a continuous conductor. This assumption can be made as the separation of the vertical conducting strips are electrically small with respect to the wavelength of the signal. The forward bias case then provides a narrow azimuth beamwidth. For the second case when the PIN diodes are not biased (or reverse biased) the diodes have a high impedance and the horizontal conducting elements can be approximated as being semi-transparent. In this case a wide azimuth beamwidth is produced by the continuous central rectangular reflector. Two strips of diodes are needed to accurately approximate a continuous reflector where the spacing is approximately one sixth of a wavelength. The design process involved varying the lengths of the horizontal elements, the positions of the vertical strips and the width of the conducting rectangular reflector to provide an azimuth beamwidth of either 60
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• or 110
• , which resulted in the dimensions shown in Fig. 13a . Fig. 13b illustrates one radiating element of the reconfigurable antenna array concept. The antenna is a resonant dipole of length 55 mm, which is on a 1.6 mm FR4 substrate ( r = 4.3, tan(δ) = 0.025, not shown in the figure for clarity), the dipole includes a narrow band balun with the feed at the centre of the dipole.
To simulate the PIN diode parameters we used a simplification of a general PIN diode model which employs a series resistance, R, and inductance, L, in series with a parallel combination of capacitance, C and resistance, R P I N as shown in Fig. 13c . The d.c bias voltage controls R P I N which varies from a few ohms to several kohms depending on the device. In the on state R P I N is low and effectively shorts the capacitance, C, leaving just the series RL. In the off state R P I N is high and the capacitance, C, dominates which is approximated as a series RLC. This approach has been used in previous work successfully to model switchable electromagnetic structures, [33] . In this work we used the NXP BAP70-02 with parameters R = 1Ω, L=0.6nH and C = 0.12pF.
The simulated realised gain, in the azimuth plane, of the idealised and proposed novel antenna versus azimuth angle are shown in Fig. 14 , where the idealised antenna is that which was shown in Fig. 4 . The results show a good comparison with a maximum gain of 18 dBi and 17 dBi for the idealised and proposed antenna, respectively, for a beamwidth of 60
• . For the 110
• beamwidth case the maximum realised gain is approx- imately 16 dBi and 15.5 dBi for the idealised and proposed antennas, respectively. The differences in gain are due to uncertainties in the PIN diode model and other manufacturing tolerances.
To investigate the relevance of the design within a cellular application simulations were carried out over the 1710-1880MHz. It was found that the 'ON' state gain and beamwidth varied between 16.4-18.3 dBi and 68-61
• , respectively, and the 'OFF' state gain and beamwidth varied by 13.6-15.8 dBi and 140-111
• , respectively. It was noted that for frequencies above 2 GHz the 'OFF' state beamwidth reduces as the shunt capacitance reduces the impedance of the diode.
B. System Model Performance Comparisons
In order to evaluate system performance using the reconfigurable antenna a tri-sector antenna gain pattern was simulated and embedded into the system model described in Section III and IV. Fig. 15 shows a comparison of the simulated capacity for the idealised and proposed reconfigurable antenna. Fig. 15a shows the cell average capacity where there is a 1 Mbit/s difference for a 60
• azimuth beamwidth and there is no significant differences for the 110
• case. Fig. 15b shows a discrepancy of approximately 1 Mbit/s for the idealized and proposed antennas over tilt angles between 0
• and 10 • . However, when comparing the differences between the two diode states a good agreement is observed.
C. Antenna Measurements
To provide some confidence in the proposed reconfigurable antenna design a single antenna element was designed and manufactured using standard PCB etching techniques. The PIN diodes and DC blocking capacitors were manually soldered. A photograph of the manufactured antenna when mounted in an anechoic antenna test facility is shown in Fig. 16 . The antenna input reflection coefficient was characterised for both on and off diode states and the results of this characterisation are shown in Fig. 17 . It can be seen that the resonant frequency is approximately 1.9 GHz for both diode states. There are some differences between the bandwidth of the measured and simulated data, which is not significant over the band of interest and is due to the uncertainty of the diode model and typical measurement uncertainties. Gain measurements and simulations are shown in Fig. 18 versus azimuth angle; the results show the on state gain is 9.4 dBi and 9.8 dBi for the measured and simulated results, respectively, and the beamwidth in both cases is approximately 59
• . When the diodes are in the "off" state the gain is 7.4 dBi for both the measured and simulated data with a beamwidth of approximately 110
• .
VI. CONCLUSIONS
This paper has set out a concept for employing beam reconfigurable base station antennas for homogeneous cellular networks to provide instantaneous capacity improvements at cell edges when the network requires it. A novel basestation employing PIN diodes has been proposed to achieve almost instantaneous reconfigurability and simulations of a homogeneous three sector network have shown that a typical cell edge capacity increase of 20% is achievable by switching the azimuth beamwidth of the base station antenna from 60
• to 110
• . This capability provides the potential to trade off cell average capacity against cell edge capacity and is applicable for a range of cell sizes. Validation of the antenna concept against measurements has also been presented for a single antenna element where excellent agreement between measurements and simulations was found.
A comparison between the presented Reconfigurable antenna and other pattern reconfigurable antennas in terms of antenna working frequency, antenna gain, azimuth beamwidth and radiation efficiency is given in Table II . It is clear the proposed antenna has a higher antenna radiation efficiency and reasonable antenna gain. Also, its simple geometry makes it easy to implement in the base station and extended to any number of antenna array for current and future communication systems.
